In recent years, the DNA microarray has become one of the most powerful tools for toxicogenomic studies. However, microarray technology is still in its early stages, and standardized analytical methods of cDNA microarray analysis have not been clearly established. These differences in methodology can result in data variability in gene expression profiling. Although many analytical methods have been proposed to resolve these problems, they are not practical methods in the field of ecotoxicology because environmental samples are limited and microarray experiments are quite expensive. Here we examined the basic analytical methods of cDNA microarrays using yeast cells to standardize yeast cDNA microarray technology for toxicogenomics. We attempted to appear practical methods to obtain reliable yeast cDNA microarray data from a minimum number of experiments. We propose that our experimental conditions (exponentially growing yeast cells (A 660 =1.0) in YPD medium) were reproducible for cDNA microarray experiments with a correlation factor of approximately 9.0. In addition, reliable data was obtained when we selected induced genes whose expression levels increased more than 2.0-fold in at least two of the three independent experiments.
Introduction
It is estimated that about 70,000 chemicals are used commercially and the number of chemicals keeps increasing every year [1] . Because many of these chemicals are released into the environment, researchers all over the world are attempting to develop technologies that identify and measure chemicals. However, only about 10% of chemicals that are present in the environment can be identified and measured by current technologies [2] .
In recent years, the DNA microarray has become one of the most powerful tools for toxicogenomic studies [3] . The cDNA microarray, which was developed by Brown and coworkers in 1995 [4] , allows simultaneous monitoring of the expression levels of thousands of genes. DNA microarrays are used for screening to assess the toxicological properties of chemicals, based on the gene expression patterns induced upon exposure to a chemical [3] [5] . In other words, we can assess gene transcription in response to chemicals of unknown toxicity and compare these responses to those of chemicals that have already been thoroughly characterized (gene expression profiling using DNA microarrays). The number of studies using microarray technologies to assess the toxicological properties of chemicals has recently been increasing [1] [6] [7] [8] .
However, microarray technology is still in the early stages of development, and several problems remain in the analysis of data. In fact, many biases can occur at various steps in the analysis, and these biases may affect the measurement of gene expression levels in microarray experiments. Before the expression ratio can be compared appropriately, a number of treatments must be carried out on the data to eliminate low-quality measurements. However, standardized analytical methods for microarrays have not yet been established, and each laboratory uses a variety of analysis protocols. Therefore, this wide range of methodologies results in data variability between laboratories. As a matter of fact, it is quite difficult to reproduce the same values for all the genes and to compare results of experiments from other laboratories [9] . Recently the Microarray Gene Expression Data (MGED; http://www.mged.org/) have undertaken standardization attempts for manuscripts with microarray data [10] . MGED indicate that the minimum information necessary to publish microarray data includes the following six sections; 1) Experimental design, 2) Array design, 3) Sample, 4) Hybridization, 5) Measurements, 6) Normalization. Although these six factors are very important and are absolutely necessary to publish cDNA microarray data, the importance of "the source" for the microarray experiments was not emphasized. These guidelines do not indicate which methods of analysis are suitable, but a standardized description of the microarray experiment is provided. In our laboratory, we analyze stress responses in various types of biological systems, including prokaryotes, eukaryotes, microorganisms, plants, and human cancer cell lines. We have found that the analyzed data is not always reproducible and the quality of the results often depends on the organism used. In fact, the microarray results with some organisms were highly reproducible, but others were poorly reproducible (data not shown). In order to further establish and extend gene expression profiling for toxicogenomics using cDNA microarrays, it is necessary to standardize the analytical methods for cDNA microarrays in each organism.
In this study, we studied the fundamental methods of analyzing of cDNA microarray data using yeast cells to standardize the yeast cDNA microarray technology for toxicogenomics. Most analytical methods for microarrays that have been reported to date have focused on the statistical technique. In contrast, analytical methods for cDNA microarrays that are focused on biology in the toxicogenomics field are needed. We used Saccharomyces cerevisiae as a model eucaryote that is broadly distributed because it is very easy to manipulate in the laboratory and the complete genome sequence is available. Moreover, approximately 6,000 open reading frames (ORFs) can be seen on just one slide, so the yeast cDNA microarray shows the behavior of the entire organism under each culture condition [11] . Here we examined various methods to obtain reliable yeast cDNA microarray data for toxicogenomics. We report that our experimental conditions (exponentially growing yeast cells (A 660 =1.0) in YPD medium) were reproducible for cDNA microarray experiments with a correlation factor of approximately 9.0. In addition, we obtained reliable data if we selected induced genes as those with expression levels that increased more than 2.0-fold in at least two out of three independent experiments.
Materials and methods

Strain and growth conditions
The yeast Saccharomyces cerevisiae, strain S288C (mat alpha SUC2 mal mel gal2 CUP1) was used as the indicator strain for DNA microarray analysis. Yeast cells were aerobically grown to mid log phase (A 660 =1.0) in 200 ml of YPD medium (2% polypeptone, 1% yeast extract, 2% glucose) at 25 o C [12] . Cells were harvested by centrifugation and stored at -80 o C until used for RNA extraction.
Isolation of total RNA and mRNA
Total RNA was extracted from yeast cells by the hot-phenol method [13] . Poly (A) + RNA was purified from about 400µg of total RNA with an Oligotex-dT30 mRNA purification kit (TaKaRa, Japan).
Labeled cDNA probes with Cy dyes
Fluorescent-labeled cDNA was made with the CyScribe First-Strand cDNA Labeling kit (Amersham Biosciences Corp, USA). In the "same sample experiments" (Ex.1~Ex.4, Figure 1-A) , each total RNA sample from the same flask of yeast cells was used and labeled with Cy3-dUTP and Cy5-dUTP (Perkin Elmer, Life Sciences, USA). In the "independent sample experiments" (Ex.5~Ex.8, Figure 1-B) , each total RNA sample was obtained from a different flask of yeast cells and was labeled with Cy3-dUTP and Cy5-dUTP, respectively. The reactions to generate fluorescent-labeled cDNA from total RNA were performed at 42 o C for 90 min. The template mRNA was dissolved by the addition of 0.5N NaOH for 15 min at 37 o C. After neutralization with 10 µl of 2M HEPES free acid, a Cy3-and Cy5-labeled cDNA solutions were mixed and purified using spin column AutoSeq TM G-50 (Amersham Biosciences Corp, USA). 10 µl of 20xSSC and 1 µl of 10% SDS were added to approximately 30 µl of cDNA for the hybridization solution. 
Hybridization and washing
The hybridization solution was applied to yeast cDNA microarrays (DNA Chip Research, Japan). These microarray chips had no repetition spots. Competitive hybridization was carried out at 65 o C for 36-48 h. After hybridization, the coverslip was removed with 2xSSC, 0.1%SDS. DNA microarray slides were washed twice with the same washing buffer and twice with 0.2xSSC, 0.1%SDS (20 min for each wash at room temperature). The washed arrays were washed once with 0.2xSSC and rinsed once with 0.05xSSC (20 min for each wash at room temperature). They were then centrifuged (600 rpm for 20 s) and dried.
Scanning and data analysis
A Scan Array 4000 laser scanner (GSI Lunomics, Billeria, MA) was used to acquire hybridization signals. Array images were analyzed with Gene pix 4000 (Inter Medical). The background intensity around each spot was subtracted from each. Global normalization was carried out using the median of the expression ratio for all probes on one array. Figure 2 shows the basic procedure for yeast cDNA microarray analysis for toxicological research. First, mRNAs are isolated from two kinds of exponentially growing yeast cells (2) ; untreated control yeast cells (control) and yeast cells that were treated with a chemical (1) . Each of the extracted mRNAs is converted to cDNA and labeled with fluorescent probes, Cy3 and Cy5, respectively (3). Next, cDNAs labeled with fluorophores are hybridized to the microarray (4 microarray is scanned at both 532 nm (Cy3) and 635 nm (Cy5) for the labeled cDNA that hybridized to the microarray (5) . Finally, these data are analyzed to get expression ratios (6) . However, there are some variations in the experimental protocol that can reduce the accuracy of the data obtained in these experiments. There are two common causes for these variations [14] . One is technical variation in the DNA microarray procedure, and the other is biological variation of the samples. The technical variations are caused by the design of the DNA microarray, RNA extraction, labeling and hybridization etc. In particular, it has been recognized that fluorescent dyes such as Cy3 and Cy5 exhibit different quantum yields and are differentially sensitive to photobleaching [15] [16] . The direct incorporation of Cy3 and Cy5 modified nucleotide analogues into the cDNA may also introduce specific artifacts [17] [18]. The biological variations are caused by the poor reproducibility of the physiological state of the organisms. The physiological reproducibility is dependent on the organisms, species, strains, and of course growth conditions. Therefore, these aspects are important to consider because they can decrease the reproducibility of the microarray experiments. 
Results and discussion
Experimental design and variations in DNA microarray experiments
Selection of reliable spots using background intensity
Before we analyze scanning data to generate expression ratios, the intensity of each spot is determined. Figure 3 shows the image of the spot and background on the cDNA microarray chip. The blue spot shows the spot intensity and the black area surrounding the blue spot shows the background intensity. The signal intensity, which is the spot intensity minus the background intensity, is finally calculated to generate the normalized Cy5/Cy3 ratio. This means that the relative error increases at spots with lower intensity where the spot intensity approaches the background intensity. Thus, it is necessary to eliminate low intensity spots using cutoff values.
Figure 3. The image of the cDNA microarray
The blue circle shows the spot intensity. The black area surrounding the blue spots (the dotted line around the blue spot) shows the background intensity. The signal intensity is the spot intensity minus the background intensity.
In order to obtain high quality microarray data, we examined the reproducibility of each spot (Ex.1~Ex.4). Total RNA was obtained from a single culture of exponentially growing yeast cells and labeled with Cy3 and Cy5. In this study, a ratio of more than 2.0 was considered to be an "up-regulated" gene, and a ratio less than 0.5 was considered to be a "down-regulated" gene. The spot intensities obtained with Cy3 and Cy5 for each gene should be the same and the number of genes recognized as "up regulated" or "down regulated" should be zero. However, a small percentage of those genes was detected in all experiments (Table 1) . These percentages reflect the error in the DNA microarray procedure, especially after total RNA extraction (technical variations). Figure 4 -(a) and (b) show an example of hybridized images of the cDNA microarrays. The image of Ex.2 shows data that has high background noise, while the image of Ex.4 shows data that has low background noise. Figure 5 -(c) shows the histogram which had the low background noise (Ex.4). The distribution of spot intensities had two peaks. The distribution of higher peak was almost in the same position as that of background intensity (between 100~1000 intensity) and which were lower than 90% of the relative cumulative frequency of background intensity. Ex.3 also showed the same histogram as Ex.4 (data not shown). On the other hand, two types of histogram which had the high background noise were detected ( Figure 5 -(a) and (b)). In Figure 5 -(a) (Ex.1), the distribution of spot intensities has one broad peak. The distribution of spot and background intensities were almost in the same position about 1000 intensity. These results indicate that this kind of distribution occurs when the whole array chip becomes dirty. For instance, it may be caused by SDS which was added to cDNA for hybridization. In Figure 5 -(b) (Ex.2), the distribution of spot intensities has two peaks. The bigger peak of spot intensity (about 1000 intensity) was higher compared with that of the background intensity spot (between 100~1000 intensity), and the distribution of spot intensity was more than 100% of the relative cumulative frequency of background intensity. This type of distribution may be caused by cross hybridization under lower temperature. In order to remove low quality spots, we examined the relationship between the numbers of spots ("up", "down" and "total" spots) and the cutoff value in the same control samples (Figure 6 ). Each cutoff value indicates "average plus standard deviation (µ+σ)", "average plus two times the standard deviation (µ+2σ)" and "average plus three times the standard deviation (µ+3σ)", which were calculated from the background intensity in each experiment. Before removing spots using the cutoff value (they are shown as "without" in Figure 6 ), a small percentage of "up" or "down" spots was detected in each experiment. If spots were processed with the cutoff value, the number of these spots decreased in inverse proportion to the increase in the cutoff value from "µ+σ" to "µ+3σ" in all experiments. If the microarray data had high background noise (Ex.1 and Ex.2), it was necessary to exclude the data less than "µ+3σ" to decrease the number of "up" or "down" spots by half. On the other hand, if the microarray data had low background noise (Ex.3 and Ex.4), it was only necessary to exclude the data less than µ+σ to reduce the number of "up" or "down" spots by half.
These results indicate that we can remove the low quality spots if we select a signal intensity that exceeds the average plus one to three standard deviations of background intensity. In other words, we can choose the cutoff value (a) according to whether the background is clear. Some researchers have proposed that low intensity spots can be removed with a cutoff treatment that was calculated from the background intensity or negative controls [19] [20] though they are not our experimental conditions. Our results suggest that we can get reliable data with cutoff treatment of "µ+σ" in the type of Figure 6 -(c), while "µ+2σ∼3σ" are needed in the type of Figure 6 -(a) and (b). However, we have to note that the low reliability spots may remain even if they have the processing of cutoff treatment with "µ+3σ" in the type of Figure 6 -(b). Hence, experimental repeats will support to get a reliable data in microarray experiments.
µ + σ ≦ Cutoff value ≦ µ + 3σ (a) (µ; average of the background intensity, σ; standard deviation of the background intensity) Figure 6 . Change in the number of spots after cutoff processing in four experiments (Ex.1~Ex.4) ▲; "Up" spots, ■; "Down" spots, and •; Total spots. "Without" indicates the number of spots without cutoff treatment. "µ" indicates the average calculated from the background intensity in each experiment. "σ" indicates the standard deviation calculated from the background intensity in each experiment. An aliquot of mRNA was isolated from the exponentially growing yeast cells in a flask and labeled with Cy3 and Cy5.
Required repetitions of cDNA microarray experiments and selection methods to identify induced genes with technical variations
The other important point to consider for reducing experimental variations in cDNA microarrays is repetition of experiments. Since experimental variations contain technical and biological variations, microarray experiments should be repeated with multiple samples to get reliable data. Churchill reported the fundamental issues for the design of an experiment with two-color spotted cDNA microarrays and proposed the use of multiple biological samples and multiple replicates in order to get reliable data [14] . For example, the use of dye swapping or looping is an effective method to balance dye and samples, especially the replicated dye-swap experiment in which independent samples are used to reduce both types of variation. In the toxicogenomics field, the most important aspect of DNA microarray analysis is the selection of induced genes [21] . Induced genes are more important than repressed genes, because the repressed genes are less specific for chemical toxicity than induced genes. Under stressful conditions like chemical treatment, cells tend to grow slowly, because protein synthesis and ribosomal proteins are repressed. These effects are common to repressed genes, and therefore it is difficult to get specific information from repressed genes. In addition, the use of multiple samples and replicate experiments is not practical in the field of ecotoxicology since environmental samples are limited and microarray experiments are expensive. It is better to obtain sufficient data from a minimum number of trials of microarray experiments.
In this section, we examined the relationship between reliability and experiment frequency using three methods for selecting induced genes; (A) Average of expression ratio of each spot, (B) Average of intensity of each spot and (C) Majority decision of expression ratio. We used the control samples (Figure1-A, Ex.1~Ex.4) to identify the technical variations and the number of required repetitions of microarray experiments. Each total RNA sample obtained from the same flask of exponentially growing yeast cells was labeled with Cy3 and Cy5. Spots with signals that exceeded the average plus two standard deviations of background intensity were detected from all of the experiments, and these were used to test the three calculation methods. The intensities obtained with Cy3 and Cy5 from each spot should be the same and the number of expressed genes should be zero. However, differences in gene expression caused by technical variations were detected in these experiments. In this experiment, average ratios of more than 2.0-fold and less than 0.5-fold were considered to be "up" (induction) and "down" (repression), respectively. Finally, the average of the number of "up", "down" and "total" spots were obtained for each number of repetitions of the experiment. The number of "up" and "down" spots decreased in inverse proportion to the increase in the number of experiments. The numbers of expressed genes decreased to 0.07% of the total genes when three independent experiments were carried out. These results indicate that three independent experiments are needed to obtain reliable data with 99.7 % confidence when this calculation method is used. Figure 7 -B shows the relationship between the number of spots ("up", "down" and "total") and the experiment frequency with method (B) Average of intensity of each spot. First, we chose a combination of four experiments based on Table 2 . In each combination of experiments, the normalization factor (Nf cy3k) was calculated from the median of the Cy3-signal intensity derived from each experiment. 
(A) Average of expression ratio of each spot
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(B) Average of intensity of each spot
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The Cy3-signal intensities derived from the 1st to n-th experiments were normalized by multiplying each by Nfi. The Cy5-signal intensities derived from each experiment were normalized in a similar fashion. Cy3 and Cy5 signals that had been obtained from each spot were averaged to get the expression ratio. Formula (d) shows the expression ratio of the k-th spot of the i-th experiment.
(Cy5; Cy5-signal intensity, Cy3; Cy3-signal intensity, Nfcy3k; the Cy3-normalization factor of the k-th experiment, Nfcy5k; the Cy5-normalization factor of the k-th experiment, k; the number of arrayed genes from 1 to m, i; the number of experiments from 1 to n) Expression ratios of more than 2.0-fold and less than 0.5-fold were considered to be "up" and "down", respectively. Finally, the averages of the number of "up", "down" and "total" spots were obtained in each number of repetition of the experiment. The number of "up" and "down" spots decreased in inverse proportion to the increase in experiment repetitions as in the case of method (A). The numbers of expressed genes decreased to 0.15% of the total genes when two independent experiments were performed. These results indicate that two independent experiments are needed to generate reliable data with 99.7 % confidence when this calculation method is used.
Relationship between reliability and the number of replicates of the experiments using three calculation methods; (A) Average expression ratio of each spot, (B) Average intensity of each spot, and (C) Majority expression levels ■; "Up" spots, ▲; "Down" spots, and •; Total spots. Each mRNA sample obtained from the same flask of yeast cells (Ex.1~Ex.4) was used and labeled with Cy3 and Cy5.
(C) Majority decision of expression ratio
Figure 7-C shows the relationship between the number of spots ("up", "down" and "total") and the experiment frequency with method (C) Majority decision of expression ratio. First, we chose a combination of the same experimental results in four experiments based on Table 2 . Next, the expression ratio of each spot was obtained to indicate "up" or "down" spots in each combination. In a combination, if the expression ratio was more than 2.0-fold or less than 0.5-fold in all the experiments, they were considered to be "up" and "down", respectively. Thirdly, the average of the number of "up", "down" and "total" spots was obtained in each reproducibility (%). If the k-th spot is "up" in h repetitions of i experiments, this spot is referred to as "up" by the h/i of reliability. For example, "up" with 75% reproducibility is considered when the result is obtained in 3 out of 4 experiments. The numbers of expressed genes was decreased to 0.01% when using 50% reproducibility. These results indicate that reliable data is obtained if h/i is above 50% (e). In other (h; the number of times the experiment gives the same result, i; the number of experiments from 3 to n) words, reliable data could be obtained by method "Majority decision of expression ratio". If the goal is to obtain reliable data with a minimum number of experiments, this can be achieved by choosing the data that is in agreement two out of 3 times. From these results, we can exclude the technical variations using all three calculation methods (A) ~ (C) with two or more independent samples in two-color spotted cDNA microarrays under our experimental conditions.
Required repetition of experiments of cDNA microarrays and selection methods for induced genes with technical and biological variations
We tested the control samples ( Figure 1-( Signal spot intensities exceeding the average plus two standard deviations of background intensity were detected from all of the experiments, and were used for the following calculations. In toxicogenomics field, yeast cells under some environmental stress are tested with a yeast cDNA microarray. Yeast cells in logarithm phase (OD660=1) are more sensitive to stresses, and more convenient to use for microarray experiments. Therefore, we examined the reproducibility of yeast cells in logarithm phase. The average number of expression spots was 2.84% (170 genes in 6000), though that of Ex.1~Ex.4 was 2.00% (120 genes in 6000 genes). These results indicate that biological variations occurred in Ex.5~Ex.8 in addition to technical variation. Piper et al. also reported that the numbers of expressed genes were increased by the experimental variation that results from replicate cultivation [22] . Figure 8 shows the relationship between the reliability and number of experiments using control samples (Ex.5~Ex.8) with the three calculation methods (A)~(C). Each mRNA was taken from independent flasks of yeast cells and labeled with Cy3 and Cy5. The intensities obtained with Cy3 and Cy5 from each spot should be the same and the number of expressed genes should be zero. However, induced genes were detected in these experiments and were caused by biological and technical variations. The number of "up" and "down" spots decreased in inverse proportion to the increase in the number of experiments by using each calculation method. When calculation methods (A) and (B) were used, the number of induced genes was decreased to 0.12~0.16% of the total genes in three independent experiments. On the other hand, when calculation method (C) was used, the number of expressed genes was decreased to 0.07% of the total genes in two independent experiments. These results indicate that method (C) is a more reliable method to exclude biological and technical variations in microarray experiments. These concepts are more convenient and practical than dye swapping or looping because the number of required experiments is low. Pan et al. reported how to calculate the number of replicates in the context of applying a nonparametric statistic method [23] . However, this method is very complex to use for toxicogenomics. As mentioned above, we recommend selecting induced genes which are in agreement twice during three independent experiments using the method (c), under our experimental conditions. 
Conclusions
The primary goal of this study is to establish the more simple and practical method of cDNA microarray for toxicogenomics. To widely disseminate microarray technology in toxicogenomics field, it is desirable that ordinary people can easily use analytical methods even if they are not specialists. Though the t-test is commonly used to get reliable data from microarray experiments, it may have hazards when the experiment frequency is a few [24] . Actually, only several-time experiments are done because the experiment cost is high. From these reasons, we developed these analytical methods for microarrays that focused on biology not on the statistical technique. Here, we propose that the method of (C) "Majority decision of expression ratio" is more attractive to get reliable data from a minimum number of microarray experiments. Before actually using this method, we have to prepare the number of experimental replications in accordance with the kind of biological samples and the microarray procedure. In this study, we used exponentially growing yeast cells (A 660 =1.0) in YPD medium, since these conditions have been widely used for expression analysis of mRNA or proteins. Under these conditions, two or more experiments can be used for the selection of induced genes. In DNA microarray experiments, variations arise from DNA microarray procedures and biological and physiological reproducibility, which are different in different laboratories. Especially, the majority of errors from biological or physiological reproducibility depend on the kind of biological sample. Hence, we recommend running confirmation experiments for reproducibility using total or messenger RNA from the same tube. In this case, if you want to select a gene whose ratio is more than 1.5 as an "up-regulated" gene, you can also get a reliable data by arranging this method. In other words, once it conducts such a fundamental experiment, accurate data can be obtained from a little experiment frequency.
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